Writing and reading chiral domains in multiferroic DyMnC>3 using soft X-rays 
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Sizeable b and c components of the 4f moments and pronounced circular dichroism are observed 
in the ferroelectric phase of DyMnOs by soft X-ray diffraction at the Dy-Ms resonance. This points 
to cycloidal order of the 4f moments and indicates that inversion-symmetry breaking in this material 
is not characteristic of the Mn spins alone. The circular dichroism allows to image chiral domains 
that are imprinted on the surface of a DyMnOs single crystal, exploiting the local charging by the 
X-ray beam via the photoelectric effect. These findings suggest a novel approach to control and 
image domains and domain walls in multiferroic materials. 

PACS numbers: 75.25.-j,77.80.-e,75.60.Ch 



The use of ferroelectrics or ferromagnets in device ap- 
plications relies on the switching of the magnetization or 
electric polarization by external fields, a process largely 
involving the motion of domain walls. New proposals 
for high-density magnetic data storage devices such as 
racetrack memories directly utilize the domain walls that 
can be moved by pulses of electric current 1 . Multifer- 
roics, on the other hand, offer the possibility to manip- 
ulate both electric and magnetic domains and domain 
walls by electric fields 2 -^. The structure of domains 
and domain walls in multiferroic oxides can be rather 
complex due to their dual ferroic nature, as found, e.g., 
in GdFeOs with ferroelectric, ferromagnetic and antifer- 
romagnetic order 4 . Magnetic ferroelectrics like BiFeOs 
reveal a close connection between ferroelectric and anti- 
ferromagnetic domains, although magnetic order occurs 
at substantially lower temperatures than ferroelectricity 
in this material 2 . In some of the perovskite rare-earth 
manganates of composition REMnOs, on the other hand, 
ferroelectricity is intimately related to cycloidal magnetic 
order. The corresponding chirality gives rise to circular 
dichroism in magnetic x-ray diffraction 5 , however, direct 
imaging of these chiral domains has been elusive so far. 
The present work deals with chiral domains in DyMnOs, 
a material that belongs to this class of improper ferro- 
electrics where spontaneous electric polarization P arises 
with the cycloidal ordering of the Mn spins (Fig. 
A microscopic mechanism explaining this phenomenon 
is provided by the antisymmetric Dzyaloshinski-Moriya 
interaction^ that favours a non-collinear arrangement of 
spins. Such a magnetic order breaks the inversion sym- 
metry of the lattice and provides for a natural coupling 
between magnetism and ferroelectricity, relating P di- 
rectly to the magnetic structures'^: 

P oc J^eij x (Si x Sj). (1) 
In this equation, Si and Sj denote spins at the sites 




FIG. 1: Relationship between the chirality of cycloidal spin 
order along the b axis and the direction of the ferroelectric po- 
larization P along the c axis in DyMnOs according to Eq. 1. 
Domains with magnetic cycloids of opposite chirality corre- 
spond to opposite ferroelectric polarization. 



i and j, and e^j is the unit vector connecting the two 
sites. Accordingly, domains of opposite ferroelectric po- 
larization are linked to magnetic cycloids of opposite chi- 
rality as sketched in Fig. 1. They can be discerned by the 
asymmetry in the scattering of left-hand and right-hand 
circularly polarized x-rays 5 . 

DyMnOs displays a series of transitions upon cooling 
that are distinguished by both electrical properties and 
magnetic order. Above T/v ~ 39 K, the material is para- 
magnetic/paraelectrioi^. Below this temperature, the 
Mn spins develop an ordered b-axis magnetic moment 
that is sinusoidally modulated along the b axis with a 
propagation vector r Mn ~ 0.39-b*. This sinusoidal phase 
does not display ferroelectric polarization, which only oc- 
curs below the ferroelectric transition at Tfe ~ 18 K, 
where the Mn spins adopt a cycloidal arrangement upon 
the development of an additional component of the Mn 
magnetic moment along the c axis 11 . This cycloidal spin 
order within the be plane of the perovskite unit cell with 
an axis of rotation of Mn spins around the a direction 
is illustrated in Fig. 1. The direction of the ferroelectric 
polarization is given directly by Eq. 1 to point along the 
c axis^£. 
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The measurements were carried out at the UE46- 
PGM1 soft X-ray beamline of the Helmholtz-Zentrum 
Berlin at BESSY II. Data were obtained with a UHV 
diffractometer designed at the Freie Universitat Berlin^ 
using single crystals of DyMn03 as described ir>^. Sam- 
ples were cleaved perpendicular to the b axis, in this way 
enabling scattering studies along the [0 K 0] direction in 
specular geometry (Fig. 2a). Azimuth-dependent diffrac- 
tion intensities could be recorded at low temperatures 
by an in-situ rotation of samples around the crystallo- 
graphic b axis utilizing a sample holder developed at the 
University of Cologne 14 . Experiments were carried out 
on surfaces prepared under various conditions including 
cleavage in air as well as in the vacuum chamber, yielding 
consistent data from all samples. The scattered photons 
were detected without polarization analysis using an Al- 
coated AXUV Si photodiode mounted behind a slit of 
rectangular shape. 

In the present study, we find that the magnetic order 
of the Dy-4f moments in DyMnOs tracks that of the Mn 
spins both in the sinusoidal and the cycloidal phase. We 
observe an intense (0 r 0) magnetic diffraction peak at 
the Dy-M 5 resonance (see Fig. 3c) that is closely con- 
nected to the Mn sinusoidal and cycloidal order, in par- 
ticular r = r Mn11 , which provides the basis for the results 
further discussed here. Polarization-dependent measure- 
ments of (0 r 0) reveal that the 4/ moments themselves 
exhibit cycloidal order, which has not been considered so 
far for this class of materials. 

The development of a 4/ magnetic cycloid that is 
linked to the electric polarization of the material along 
c requires b and c components of the 4/ magnetic mo- 
ments. This was established by measuring the azimuthal 
dependence of the integrated intensity of the (0 r 0) mag- 
netic diffraction peak in the sinusoidal compared to the 
cycloidal phase. The scattering geometry is shown in 
Fig. 2a, with the b axis in the scattering plane and per- 
pendicular to the sample surface. Figure 2b displays the 
integrated intensity of (0 r 0) recorded with a-polarized 
X-rays, I aj as a function of the azimuthal angle tp. The 
data were normalized to the intensity recorded with tt- 
polarized X-rays, in order to account for possible sam- 
ple inhomogeneities and plotted in a polar diagram. 

In the sinusoidal phase a node is observed for (p = 90° 
and ip = 270° (open circles). As can be inferred from 
the scattering geometry, these values correspond to a sit- 
uation, where the a and the b axes lie in the scattering 
plane. Since for resonant magnetic scattering incident 
cr-polarized X-rays are only sensitive to components of 
the magnetic moments in the scattering plane 15 , zero in- 
tensity means here that in the sinusoidal phase both, the 
a and the b component vanish, and the Dy 4/ moment 
is characterized by a c-axis component only. In the cy- 
cloidal phase, the node is lifted (solid circles) and seizable 
intensity is observed at ip = 90° and (p = 270°. These 
data suggest a sinusoidally modulated 4/ magnetic struc- 
ture with the moments along c that develops into a cy- 
cloid with an additional b component - analogous to the 




FIG. 2: Azimuthal dependences of the (0 r 0) magnetic 
diffraction peak, recorded with linearly polarized X-rays (a 
and 7r). a) Scattering geometry showing the wavevectors of 
incident (k) and scattered (k x ) X-rays and their orientation 
with respect to the crystal axes a, b, and c. b) Azimuthal 
dependence of the integrated intensity of (0 r 0) in the sinu- 
soidal (open data points) and the cycloidal phase (solid data 
points). 



Mn spins. Calculations using this scenario in fact result 
in a perfect description of the experimental data (solid 
lines through the data points in Fig. 2b). The additional 
b component of the 4/ magnetic moment exhibits the 
same temperature dependence as found in hard x-ray res- 
onant scattering^, resembling the behavior of an induced 
moment below Tfe- 

To confirm that the b and c components of the 4/ 
magnetic moments indeed invoke cycloidal order, circu- 
larly polarized X-rays were employed, as the chirality of 
the magnetic cycloid would result in different scattering 
cross sections for left-hand and right-hand circular po- 
larization, i.e. circular dichroism should be observed for 
a given magnetic domain 5 . In the present multiferroic 
material, chirality and the direction of the ferroelectric 
polarization are closely related, and manipulating (P) 
will immediately affect the chirality of the concomitant 
cycloid: If the polarization is changed from +P — > — P 
this implies a change in the chirality of the spin cycloid 
from a clockwise rotation of the spin between ions i and j 
(+P) to an anti-clockwise one (— P) (Fig. 1) that results 
in a change of the sign of the dichroic signal. 

The measurement of circular dichroism requires do- 
mains of well-defined chirality in the area probed by the 
X-ray beam. In order to produce these domains in our 
sample, we have chosen a new approach that takes ad- 
vantage of the local charging of the sample by the X-ray 
beam, rather than applying an external voltage across 
the crystal 5 -. As a ferroelectric oxide, DyMnOs is highly 
insulating and the emission of photoelectrons by the X- 
ray beam cannot be effectively compensated. In order to 
enhance the charging effect, a photon energy correspond- 
ing to the maximum of the M5 resonance was chosen, 
where the photoionization cross section is resonantly en- 
hanced. In the present experiment, the effect of charging 
becomes substantial below T w 100 K, as observed by an 
almost vanishing drain current under the photon beam. 
Thus, due to the photoelectric effect, the photon beam 
induces an essentially radial electric field with a posi- 
tively charged center at the position of the beam spot as 
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FIG. 3: Multiferroic domains and X-ray circular dichroism in 
DyMn03- (a) Two domains of opposite ferroelectric polar- 
ization are induced by the X-ray beam that creates a radial 
electric field by local charging via the photoelectric effect, (b) 
The concomitant cycloidal magnetic structures of opposite 
chirality yield X-ray circular dichroism in scattering that can 
be used to probe the domains, (c) (0 r 0) magnetic diffraction 
peaks recorded with right-hand (red) and left-hand (blue) cir- 
cularly polarized X-rays in the sinusoidal paraelectric and the 
cycloidal multiferroic phase (top). The peak intensities as a 
function of the vertical sample position z and the resulting 
asymmetries are shown on the bottom. 



illustrated in Fig. 3a. The field is confined to a surface 
layer of a few nm thickness corresponding to the escape 
depth of the photoelectrons 16 . In the absence of a mag- 
netic field, the ferroelectric polarization in DyMnOs is 
constrained along the c axis 10 , therefore, only the c-axis 
component of this radial electric field will be effective for 
influencing the domains on the sample. We have utilized 
this mechanism to imprint two ferroelectric domains of 
opposite polarization on the sample surface by cooling 
into the ferroelectric phase below 18 K with the beam il- 
luminating a fixed spot on the sample ("writing"). This 
position sets the reference for the vertical coordinate at 
z = 0. As the c axis of the DyMnOs crystal is vertical in 
the geometry of the experiment, a horizontal domain wall 
is produced that separates an upper domain of polariza- 
tion +P (red) for z > from a lower one with — P (blue) 
for z < 0. These two domains are characterized by mag- 
netic cycloids of opposite chirality (Fig. 3b) that yield 
different scattering cross sections for right-hand (a + ) and 
left-hand (a~) circularly polarized X-rays. 

In order to prove this scenario, we have measured the 
(0 r 0) magnetic diffraction peak with circularly po- 
larized X-rays using a photon energy corresponding to 
the maximum of the Dy-Ms resonance. The resonance 
permits fast recording of high-quality data, as shown 
for the paraelectric sinusoidal and the multiferroic cy- 
cloidal phases on the top panel of Fig. 3c. Obviously, 
right-hand (red) and left-hand (blue) circularly polar- 
ized X-rays yield substantially different intensities, no- 
tably, only in the cycloidal phase (right). In the si- 
nusoidal phase that possesses no chirality, the circu- 
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FIG. 4: Two-dimensional pattern of chiral domains on the 
surface of a DyMnOs crystal in the cycloidal phase at T = 12 
K with polarization +P (red) and — P (blue). The contrast 
is given by the circular dichroism asymmetry of the (0 r 0) 
magnetic diffraction peak intensity measured at the Dy-M 5 
resonance; details are given in the text. A line scan as function 
of z along the dashed white line is given in (b) and serves as 
an intensity scale for the asymmetry. The footprint size of 
the X-ray beam on the sample is given by the ellipse. 



lar dichroism is absent. In order to obtain consistent 
and reproducible results while measuring the dichroism, 
the photon flux had to be strongly reduced to w 3% 
of the intensity applied for writing, otherwise, photo- 
electric charging effects can substantially alter the ini- 
tial ferroelectric domain distribution during the measure- 
ment. Having established a strong circular dichroism of 
the (0 r 0) peak, we have measured the peak intensity 
as a function of the vertical sample position z in the 
two phases. The raw data and the resulting asymmetry 
A = (7(<J + ) - I(a-))/(I(a+) + I(a~)), obtained after 
background subtraction, are shown in the lower panels of 
Fig. 3c. Evidently, A is vanishing in the sinusoidal phase 
(left), while it is as large as 60% in the multiferroic phase 
(right). The essential point here is that the asymmetry 
changes its sign at z = 0, i.e., exactly at the position, 
where the X-ray beam was initially positioned, which is 
expected from the previous considerations. The writing 
process is not restricted to the particular sample posi- 
tion as we found that domains can be imprinted on the 
surface of the crystal at will. 

The possibility of writing and reading cycloidal mag- 
netic domain structures is demonstrated for the case of 
a more complex pattern in Fig 4. Here, we show a 
two-dimensional domain pattern on the surface of the 
DyMnOs sample written by the local charging effect de- 
scribed above and recorded at 12 K. The figure displays 
the circular dichroic asymmetry as a function of sample 
position, coded in red for domains of +P and blue for 
— P (cf. Fig. 1). The intensity scale is given by the line 
scan in Fig. 4b, showing the asymmetry as a function of 
z along the dashed white line. 

The initial patterning of the sample to produce the do- 
main structure shown in Fig. 4 was accomplished by cool- 
ing the sample across T FE with the X-ray beam on the 
position labeled 1 in Fig. 4a. In this case, even a weak 
electric field component along c is sufficient to induce 
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large domains of well-defined polarization. And indeed, 
two large domains of opposite chirality with long-range 
coherence along the y direction for z > and z < 0, 
respectively, are observed and can still be recognized in 
the final domain pattern. The subsequent writing pro- 
cedures were carried out in a "softer" way in order not 
to destroy the initial patterning altogether. This was 
achieved by exposing the surface of the crystal to the X- 
ray beam at 12 K and then heating shortly up to 15 K, 
i.e., approaching but not crossing Tp E . The procedure 
was applied at the two spots labeled 2 and 3 in Fig. 4a, 
resulting in two additional domains. These domains are 
much more confined along both the y and the z direction 
than those obtained by cooling through the ferroelectric 
transition. In this way, chiral domains of variable size 
can be produced. Large domains on a mm scale are ob- 
tained by cooling through Tfe, while the soft writing 
process yields domains of strongly reduced size. Taking 
into account that the beam spot itself was of a consid- 
erable size of the order of 100 x 300/im in the present 
experiment (Fig. 4a), even smaller domains may be en- 
visaged using the technique. Apart from the beam spot 
size, domain sizes will also depend on the photon flux and 
the sample temperature that can be adapted to optimize 
the writing process. The asymmetry values of ~ 20% 
displayed in Fig. 4 are smaller than those of Fig. 3 as 
the asymmetry was determined from the peak intensi- 
ties alone without background correction in the former 
case. Nevertheless, it can be stated that the soft writ- 
ing process yields the same maximum asymmetry as the 
initial patterning, showing that both processes can be 
equally effective, albeit on different length scales. The 
region, where the asymmetry changes sign is of the order 
of 100/im along z (Figs. 3c and 4b), which is essentially 
the vertical extension of the X-ray beam. Thus, an ob- 
servation of domain walls and their internal structure is 
beyond the spatial resolution of the present experiment. 
It is to be noted, however, that in this class of materials, 



ferroelectric domain walls are expected to be of substan- 
tial thickness due to their magnetic nature 17 . Hence, 
they may be accessible by this technique using microfo- 
cus x-ray beams^. 

The present results show that ordering of the 4/ mag- 
netic moments in DyMnOs is strongly linked to that 
of the Mn-3<i spins, both in the sinusoidal and in the 
cycloidal phase. In particular, the substantial circular 
dichroism of the (0 r 0) peak associated with a magnetic 
cycloid parallel to the Mn spins reveals that inversion 
symmetry breaking in the multiferroic phase is not only 
accomplished by the Mn spins but also by the 4/ mo- 
ments, which has not been considered so far for this class 
of materials. Apart from these more fundamental as- 
pects, the observation of the strong circular dichroism in 
soft x-ray scattering at the Dy-M 5 resonance provides a 
contrast mechanism to study chiral domains and domain 
walls. This resonance is characterized by a particularly 
large magnetic scattering cross section 19 and provides 
a very high sensitivity that will readily allow to study 
thin films and nanostructures, which is a straightforward 
extension of the rather surface sensitive method. The 
present results also devise a novel approach to control 
multiferroic domain structures by photons. It uses the 
local charging of the sample surface by the photoelectric 
effect, which should generally apply to ferroelectrics as 
they are typically highly insulating materials. In combi- 
nation with external electric fields, this might be a pow- 
erful tool to write and manipulate multiferroic domain 
walls and study their dynamics without the need of elec- 
trical currents. Further progress can be expected from 
the use of microfocus X-ray beams that are increasingly 
available at synchrotron radiation sources. This will ex- 
pand the scope of the present experiments substantially 
towards manipulating and probing multiferroic domains 
with much higher lateral resolution, in this way accessing 
the essential length scales of these materials. 
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